Abstract A methodology is developed for optimal remediation of groundwater aquifers under hydraulic conductivity uncertainty. A multi-objective management method based on a pump-and-treat remediation technology, is proposed. The pumping rates and well locations are the decision variables and two objectives are chosen: minimization of contaminated groundwater in the aquifer and minimization of remediation cost. A Monte Carlo simulation method is used to cope with hydraulic conductivity uncertainty. A number of equally probable realizations of hydraulic conductivity are created and a Pareto front is obtained using a modified multi-objective Genetic Algorithm. A penalty function is utilized to maintain the algebraic sum of pumping and recharging rates equal to zero. Since Monte Carlo simulations are CPU time consuming, a method is proposed to identify the few significant realizations which have an effect on the optimal solution (critical realizations). A Pareto front with an assigned probability is derived, so that the decision maker can make decisions with specified reliability. In a case study with 100 realizations, only 11 realizations were found critical and need be considered. The remaining 89 realizations consistently obtain low ranks for all designs considered and do not affect decisions at 95% reliability level. Thus these realizations need not be considered which implies a 89% savings in computer time. The designs obtained using the critical realizations, retain a similar reliability for new realizations not considered in the design process.
remediation method. The pumped water is treated and can either be reinjected into the aquifer or it can be utilized in agriculture and other uses. The design of optimal P&T remediation systems has been widely investigated by many researchers (McKinney and Lin 1996; Guan and Aral 1999; Maskey et al. 2002; Espinoza et al. 2005 ). One of the major difficulties in designing optimal P&T systems is the large spatial variabilility and uncertainty that exists in natural aquifer formations. Imperfect knowledge of aquifer properties, such as hydraulic conductivity, can result to wrong decisions and must be taken into consideration. There are few studies where the uncertainty of hydraulic conductivity was taken into consideration (Wong and Yeh 2002) . Various approaches to stochastic groundwater management have been proposed; the Monte Carlo method being the most commonly used. In Monte Carlo simulation, multiple equally probable realizations of hydraulic conductivity are generated and the system response is simulated for each realization for various remediation design. The most reliable design is chosen as the one which satisfies the set of constraints for most realizations. Several studies involved with groundwater stochastic simulation, indicate the usefulness of this method (Wagner and Gorelick 1989; Andricevic and Kitanidis 1990 ).
An important consideration in Monte Carlo simulation is the number of realizations used. A large number of realizations provides better accuracy of results but requires long CPU times. Ranjithan et al. 1993 , proposed that not all realization have the same impact since only few are critical to the final outcome. Further they presented a methodology based on artificial neural networks in order to identify the most critical realizations. This methodology results in significant CPU time reduction.
Some recent studies examined the stochastic groundwater management problem using multi-objective optimization techniques (see e. The purpose of this work is to develop a methodology for optimal remediation of groundwater aquifers under hydraulic conductivity uncertainty. A multi-objective optimization method based on pump-and-treat remediation technology, is developed. Monte Carlo simulation is used to cope with hydraulic conductivity uncertainty and a Pareto front is obtained using a modified multi-objective Genetic Algorithm. A method is proposed to identify the few important realizations (critical realizations) which have an effect on the optimal solution. This method results in significant savings in computer time.
Section 2 presents the governing flow and transport equations, Section 3 presents the multi-objective methodology and Section 4 discusses the Monte Carlo simulation method and introduces the idea of critical realizations. Section 5 formulates the generalized optimization model in the case of stochastic hydraulic conductivity fields while Section 6 applies the algorithm to a synthetic case study.
Governing Equations of Flow and Transport
Two-dimensional groundwater flow in a phreatic aquifer is considered where the contaminant concentration is assumed small and not affecting the water density. In that case the flow equation is expressed as
